The mobility of the inert gases argon and xenon in pure and doped single crystals of KBr was studied. The gases were introduced by ion bombardment. The recently established system of stages was used to interpret the results. Normal volume diffusion was found for xenon at low gas concentration, the activation enthalpy being 1.4 + 0.2 eV. This release was independent of doping, thus favoring a transport process for xenon independent of single vacancies. As most probable alternative, a mobility via small vacancy clusters, e. g. vacancy pairs was suggested. Trapping of xenon was found at higher xenon concentrations. This retarded release was shown to depend on doping and was more pronounced in crystals with an excess of cation vacancies. The diffusion of argon occurred with a similar activation enthalpy, but was most probably due to an interstitial motion. The diffusion of rare gases from KBr and its mechanism are of interest because KBr can be regarded as a "model substance" for nuclear fuel materials with a similar lattice structure (e. g. UC, UN). Furthermore, diffusion constants in potassium bearing minerals are frequently needed for determinations of geological ages to correct for diffusional losses of rare gases 1 .
The mobility of the inert gases argon and xenon in pure and doped single crystals of KBr was studied. The gases were introduced by ion bombardment. The recently established system of stages was used to interpret the results. Normal volume diffusion was found for xenon at low gas concentration, the activation enthalpy being 1.4 + 0.2 eV. This release was independent of doping, thus favoring a transport process for xenon independent of single vacancies. As most probable alternative, a mobility via small vacancy clusters, e. g. vacancy pairs was suggested. Trapping of xenon was found at higher xenon concentrations. This retarded release was shown to depend on doping and was more pronounced in crystals with an excess of cation vacancies. The diffusion of argon occurred with a similar activation enthalpy, but was most probably due to an interstitial motion. The diffusion of rare gases from KBr and its mechanism are of interest because KBr can be regarded as a "model substance" for nuclear fuel materials with a similar lattice structure (e. g. UC, UN). Furthermore, diffusion constants in potassium bearing minerals are frequently needed for determinations of geological ages to correct for diffusional losses of rare gases 1 .
Ion bombardment has been shown to be a valuable tool in gas release work on various ionic crystals and sinters 2~4 . The possibility of achieving greatly different gas concentrations and varying penetration depths provides an easy means of studying the effects of damage, gas concentration and surface proximity.
To study the mechanism of rare gas diffusion, doped materials were used in the cases of xenon diffusion in U02 2 and Th02 5 , and argon diffusion in CaFo 6 ' 7 . For all these materials a clear picture of the lattice disorder exists. This enables one to predict the effects of doping on lattice disorder and self-diffusion. Thus, a possible influence of self-diffusion or specific vacancies on gas release can be studied. Very little, if any, influence of doping on gas release was found at low gas concentrations.
Thus, a mechanism for rare-gas diffusion independent of self-diffusion was favoured. At high gas concentrations, however, gas release was found to de- Nucl. Appl. 2, 131 [1966] .
pend on doping in all three substances U02, Th02 and CaF2 though still without implying a mechanism similar to self-diffusion 2 ' 5 ' 7 .
KBr is known to have the SCHOTTKY type of disorder, i. e. the prevailing defects are potassium and bromine vacancies in equal concentrations. By adding suitable divalent impurities, the concentration of one kind of vacancy can be increased and that of the other decreased in proportion. The basic mobility data for the lattice ions have been reported by ROLFE 8 . By comparing release data obtained on pure single crystals with those obtained on crystals doped with positive and negative divalent impurities it was hoped to improve the understanding of the basic transport processes for rare gases.
The recently established system of stages 4 ' 9 , which will be described in Section 2, was mainly used in the interpretation. Thus, most results were obtained by using isochronal heatings at about 100 °C intervals, because it was found that this type of experiment resolves coexisting transport processes more clearly than do alternatives such as isothermal heatings. When the samples are heated isochronally each process tends to go to completion separately. Most results were therefore presented as plots of the fractional release of gas, F, versus temperature, T. By varying the gas concentration and using a suitable bombardment energy, the stages could be studied separately.
Materials
Single crystals of pure and doped KBr, grown from the melt using a vertical-pull cooled-seed method, were obtained from Dr. J. ROLFE (NRC, Ottawa). Specimens for gas release studies were cleaved discs about 1 to 2 mm thick, and about 1 cm square. The pure crystals had residual concentrations of divalent impurities of about 0.01 ppm, corresponding to a "knee-temperature" for electrical conductivity (onset of intrinsic behaviour) of about 360 °C. This concentration is negligible compared to the addition of impurities in the doped crystals: 200 ppm K2C03 and 500 ppm CaBr2 , respectively. These values have to be compared with the number of SCHOTTKY defects in thermal equilibrium which is at the melting point about 30 ppm 8 . However, for a significant comparison one has to verify that all the impurities are in solid solution and no associations of impurities and vacancies occur.
In the temperature range used in this work, i. e. 50 j to 600 C, most of the K2C03 will be insoluble. The solubility at 600 °C is about 50 ppm, at 400 °C roughly 1 ppm 8 . CaBr2 , on the other hand, is more soluble F in KBr, the solubility being roughly 10 ppm at 200 °C and roughly 700 ppm at 600 c C. Thus, K2C03 will only be effective at relatively high temperatures 500 °C) whereas CaBr2 should be effective at all experimental temperatures.
Besides single crystals, evaporated KBr layers of various thickness were used in some experiments. These layers did not show any indication of crystallinity in reflection electron diffraction pattern. This indicated either amorphousness or microcrystallinity with extremely small grain size.
Kinetics of Gas-Release Following

Ion-Bombardment
Early experiments on gas release from ceramics and ionic crystals have mostly been done using the emanation technique, or homogeneous labeling by nuclear reaction during reactor irradiation. Recently, recoil and ion-bombardment techniques have been used to introduce the gas into various solids.
Which technique is chosen depends on what one wants to emphasize. By varying gas concentration and incident energy in ion bombardment work one is enabled to separate different release processes ** The designation of stages originates from work on the recovery of physical changes introduced by irradiation, cold-working, and quenching. In most cases recovery of electrical resistivity has been studied. Qualitative similarities in the recovery behaviour are found which suggest that the various treatments show common recovery processes. Isochronal annealing is used to separate stages and isothermal curves show saturation levels corresponding to the isochronal structure. Differentiation of the isowhich otherwise might occur simultaneously leading to a release behaviour which is difficult to interpret and to analyze.
The system of stages
Ion bombardment experiments have led to the establishment of a system of stages for inert gas motion 4 ' 9 '**, i.e. the observation of the general occurrence of three diffusion processes or stages.
These occur at different temperatures or different temperature regions (see Fig. 1 ). Fig. 1 . The system of stages in a plot of F-versus-T.
Stage 11 represents normal, homogeneous volume diffusion and occurs often at temperatures compatible with self-diffusion. The dependence of the release on annealing time and geometry (or particle size) is therefore that given by FICK'S law. Since the diffusion coefficient is a simple exponential function of temperature the curve of fractional release against temperature of isochronal anneals has a sigmoidal shape. For most materials, normal gas diffusion becomes appreciable at a temperature about half the melting point on the absolute scale. In some experiments, an increase in gas concentration leads to a shift of the sigmoidal release curve to higher temperatures indicating a "retarded release" (Fig. 1 ).
In this case temporary or weak trapping of gas at chronal recovery curves gives annealing peaks or substages each of whidi implies a separate recovery process. These substages are attributed to different mass transport processes. In the case of copper 10 five stages I... V are generally accepted. These overlap partly in temperature, for the temperature intervals may be as small as 50 to 100 °K. 10 J. W. CORBETT, R. B. SMITH, and R. M. WALKER, Phys. Rev. 114, 152 and 1460 [1959] . bombardment induced defects, e. g. dislocation loops, probably occurs.
Stage I describes any release occuring at temperatures well below those for stage II. Stage I would therefore include diffusion along boundaries or diffusion pipes, release during phase transformations, release due to excess point defects etc. In the present context, however, the stage I release often exhibits specific kinetics: the fractional release is proportional to the logarithm of the annealing time in isothermal anneals and is proportional to the temperature in isochronal anneals, i. e. the isochronal plot is a straight line. KELLY 11 has shown that such kinetics can represent a process having a spectrum of activation enthalpies all lower than that for volume diffusion. Although stage I has been called "damage diffusion" it may equally well be associated with surface effects rather than with radiation damage. Stage I is discussed further by MATZKE and WHIT-TON 3 and JECH and KELLY 12 .
Stage III describes release well above the high temperature end of the stage II range. Stage III is attributed to a strong trapping of the inert gas by pores, bubbles or other similar defects. This stage is discussed further by MACEWAN and MOREL 13 for the case of U02 and by RUEDL and KELLY 14 who connected stage III for the system krypton -platinum with the formation and movement of gas filled bubbles.
Kinetics of stage II gas release following ion bombardment
The distribution curve of the gas in a solid following ion bombardment depends, as the range does, on the nature and structure of the solid and on the nature and concentration of the gas used 15 . Actual range curves for KBr are given elsewhere 16 . They show that, for the bombardment conditions chosen, an exponential distribution is a fair approximation, while the following argument proves that small departures from the ideal distribution have little effect.
Fractional release expressions are available for the following distributions: plane source 11 
x 2 stands for Dt/R 2 , where R is the range of the gas which is the limit of penetration in the cases of a plane source, a rectangular and a linearly decreasing concentration profile. In the case of Eq. (2), the most probable or peak range Rp has to be used, while with Eq. (3) the median or 50% range Rm is used (Äm«*1.68Äp).
The functions (1) to (5) have been calculated and the results are plotted in Fig. 2 . For easier presentation, all ranges have been transformed to Rm . In most cases, the actual distribution will be in between these idealized cases. Moreover, at the energydose combinations used in this work, it is reason- (1) to (5) with a plane source, the gas is deeper in the solid.
Hence the release starts at much bigger values of t.
On the other hand, the exponential distribution contains some gas very deep in the solid; thus the high values of F are not reached before very high values of t.
Approaches to evaluate release curves of the type F-versus-T for stage II
A) At first approach to evaluating release curves of the F-versus-T type was made by KELLY and BROWN 9 . They assumed an idealized value of the pre-exponential factor Z)0 and derived expressions for the activation enthalpy, AH, which contained the temperature, T, for a given fractional release, F, as the only variable. This method was extended by KELLY and MATZKE 4,15 who gave relations for F = 0.1, 0.5, and 0.9 for various distributions and geometries. The general form of these relations is
where AH is in cal/mole, Rm is in units of atom layers, t is the annealing time at a given temperature in minutes and A is a constant which depends on the geometry and F-value; the uncertainity ±5
arises from the assumptions about D0 ( = 3x 10 -1±1 cm 2 sec -1 ; this range of values agrees best with the diffusion literature 4 ). The different values for A are given in Table 1 . Again it follows that the values obtained for AH differ only slightly for various geometries and shapes of the distribution curve.
In the following some other approaches are given.
B)
One starts again from the basic ARRHENIUS equation
*** jhp plane source approximation may be useful for high dose, low energy bombardment when the penetration is comparable to the separation of lattice planes, or at veryhigh energies 15 .
Values A in Eq. (6). Values B and C in Eqs. (8) and (9). 
B is a constant which depends on the choice of FX and F2 and the distribution of the gas. This constant is given in Table 1 If agreement is achieved this approach gives a valu- 
Integral depth distributions
For analyzing integral depth distributions, the only available solutions of the diffusion equation are for the two limiting cases of absence of trapping of gas and presence of permanent traps 15 . For these calculations it was assumed that at the beginning of the diffusion anneal no gas was trapped though the more general case of initial trapping differs only in an additive constant. No expressions have been published yet for the case of weak trapping, i. e. temporary interaction of gas and bombardment induced defects.
Experimental
Labeling of the specimens with rare gas using ion bombardment
The Chalk River electromagnetic mass separator was used to inject argon and xenon into the targets. The bombardment energy was varied between 0.5 and 40 keV. The bombardment time was always 10 to 30 min. The ion current incident on the specimen surface and hence the gas concentration could be varied by using different nuclides. Assuming that the main contribution to the beams of radio-active nuclides is a 0.1% overlap from the beams of the adjacent stable nuclides 18 that the bombarded area is ~ 1 cm 2 , specific gas concentrations (given in terms of integrated current and in terms of number of incident ions/cm 2 ) were obtained (see Table 2 ).
Bombardment with xenon: Three main doses, each differing by a factor of about 500 from the next one, were obtained using the three isotopes Xe-125, Xe-133, and Xe-131 + 131 m . In some cases an intermediate dose was obtained by deflecting the beam alternatively to the Xe-131 and Xe-133 positions.
Bombardment with argon: By reactor irradiating natural argon, only Ar-41 is formed in high enough specific activity to be used in ion bombardment work. Thus, only this isotope could be employed despite its favourable short half-life of 1.82 h. Therefore, the integrated ion dose could not be varied considerably. A low dose could not be achieved because of the 0.1% overlapping of the beam of Ar-40 which has a high natural abundance.
All the nuclides used are radioactive except Xe-131. In this case the accompanying Xe-131 m was used for detection.
Before labeling, the samples were annealed at the highest experimental temperatures for several hours. The surfaces were thoroughly cleaned and washed in CC14.
To avoid charge-build-up during ion bombardment, caused by low electrical conductivity, the samples were mounted on an aluminum plate and masked with aluminum foil which contained a window to allow the beam to enter. Care was taken to bit both sample and foil with the beam and thus get charge compensation through secondary electrons 4 . Both the aluminum plate and foil were grounded.
Annealing
Annealing was performed in air using a wire-wound tube furnace. Temperatures were read using Pt/Pt-Rh thermocouples. The annealing time in taking F-versus-7 1 curves was always 5 min at each temperature at intervals of 75 to 100 C. The temperature range was 50 to 600 C. Some specimens were annealed for 5 min at only one temperature in this range. Other specimens were annealed isothermally at 240, 300 or 400 °C for periods of up to several days.
Counting
In ion bombardment work usually only one kind of radioactive nuclide is present in the sample situated near to the surface. Thus, counting is favorably done at the bombarded surface of the sample. To this purpose all samples were counted before heating in a flowtype proportional counter. Following each isochronal heating step or at suitable intervals during isothermal annealings the samples were cooled to room temperature and counted again.
•i.4. Range-curves
Range-curves were obtained for xenon and all three concentrations using a chemical dissolution technique. These results are reported elsewhere 16 . Some crystals were bombarded to 4xl0 13 Xe-ions/cm 2 and annealed for 5 min to different temperatures before taking rangecurves.
Results
Vaporization
In ion bombardment work, one deals with very short diffusion distances (< 10 3 Ä). An interpretation of release data is thus only possible if one determines whether, or how much, vaporization contributes to the gas release. KELLY and MATZKE 4 gave a formula which relates vapor pressure data to a "mi- and is probably valid for annealing in vacuum. Ambient gas, however, will reduce the rate of evaporation. Therefore, weight loss data for the atmosphere used (motionless air) were measured using the same crystals as for the diffusion studies. Fig. 3 contains the results. It is seen that in isochronal work with annealing periods of 5 min evaporation can be neglected below about 500 °C.
Recent data of DAWSON, are in good agreement with the present data, the activation energy for evaporation being the same [(2.2 + 0.1) eV], the rate of evaporation, however, being slightly slower than in the present studv. Kl-crystals which previously had been bombarded with a low dose of 8xl0 10 Xe-ions/cm 2 . Fig. 9 shows that the subsequent release is shifted by about 30 -50 °C towards higher temperatures compared to the release from normal crystals (drawn lines in Fig. 9 ). Fig. 9 . Release of Xe-125 (low dose of 8XIO 10 ions/cm 2 ) from KBr or KI (drawn curves) and from KBr-and KIcrystals which were coated with evaporated layers of KBr immediately following bombardment. Similar results were found for KBr in this study. Gas release at low temperatures (stage I) was dominant only at low bombardment energies and thus when the gas was in the proximity of the surface. The combination of high gas concentration and high energy did not lead to release at low temperatures. No indication of a bombardment induced structural change was found by reflection electron diffraction or by electron micrographs of the surface even at the highest dose at high energy (40 keV Xe-131) or at an intermediate dose at low energy (0.5 keV Xe-133). Thus, the release from KBr at low temperatures seems to be related to the proximity of gas to the surface, in possible connection to damage, rather than to damage and its annealing alone.
Gas release
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Discussion
Gas release at low temperatures
The gas release followed the temperature dependence expected for "damage diffusion" 11 i. e. the release occurred over a much wider temperature range than is compatible with a single AH. Such a release process can be approximated by a model involving single jumps of the gas atoms and a spectrum of activation enthalpies with equal weighting between the lower limit, AHX, and the upper limit, AH, . Applying the mathematics given by KELLY 11 and assuming k0 = 10 1515:1 sec -1 (see refs. 3 ' 4 ), the data of Fig. 4 yield AHX = 23 ± 5 kcal/mole and AH, = 42 ± 5 kcal/mole.
The amount of gas released below about 0.4 Tm is roughly proportional to the range of the gas. Thus, similar 3 to MgO, all gas released can be approximated as being due to an enhanced release from a surface layer of KBr of constant thickness, and any gas deeper in the solid not being mobile at these lowtemperatures. It is difficult to give an exact value for this thickness, as the range-energy relation for the system Xe -KBr is not known, the only range curves available being for 40 keV ions 16 . An extrapolation to lower energies is not easy to perform as besides the range also the shape of the distribu-J. Phys. 42,1624 Phys. 42, [1964 . tion profile -and thus the gas concentration in the outermost surface layers -will depend on the incident ion energy. DAVIES and SIMS 23 gave the relative height of the distribution curve at the distance x -i^p from the surface for bombardments of aluminum with Na-24 and K-42. The values decreased from 0.5 at 10 keV to 0.25 at 60 keV. Hence, a relatively small percentage of the gas may be near the surface at the higher energies. Thus, only a rough estimation of the thickness of the surface layer which may contribute to the gas release at low temperatures could be made. A value of 25il0 atom layers was obtained, in approximate agreement with the results deduced 3 for MgO.
No apparent difference was found in the release following bombardment with the three lowest energies used: 2, 1, and 0.5 keV. Furthermore, a fast initial release between ambient temperature and about 60 C was observed as reported previously 4 for KCl. This is not incompatable with the above explanations. First, one cannot simply extrapolate range data to low energies. This was shown by DOMEIJ et al. 24 for amorphous A1203: at very low energies of 0.5 to 5 keV, the variation in range was at most a factor of 2 for the energy variation of a factor of 10. Furthermore, at the three low energy bombardments of KBr, the "sticking factor", i. e. the fractional retention of the incident beam, was <1. Similar results have been reported by BROWN and DAVIES 25 for a variety of metals: The sticking factor approached 1 at energies above about 5 keV and decreased at lower energies to about 0.1 to 0.5 at 1 keV. A low sticking factor may be caused by at least four processes: backscattering, gas-gas sputtering 21 , escape by easy diffusion, or chemically altered surface layers (e. g. adsorbed gas, corrosive attack by water vapour etc., deposition of organic materials in the vacuum). The latter two may lead to escape of gas at about ambient temperature during bombardment, may affect the range distribution, and may explain the first initial release from KBr.
Volume diffusion (stage II)
a) Diffusion of xenon: At the lowest dose used, 8 x 10 10 ions/cm 2 corresponding to ÄJIO -5 at % gas concentration, both isothermal and isochronal release curves followed the kinetics for a volume diffusion process. Fig. 3 shows that this release went to completion at about 450 °C. At this temperature, less than 1 atom layer evaporates within the experimental annealing time. Thus, the release curve 1 of Fig. 6 could be evaluated using the mathematics of Section 2.3. The results are shown in Phys. 36. 624 [1965] . 
Complementary experiments
To elucidate further the diffusion mechanism of xenon at intermediate or low gas concentrations, two complementary sets of experiments were performed.
At an intermediate dose of 4 x 10 13 ions/cm 2 and different temperatures, distribution profiles were measured following diffusion (Fig. 8) . No appropriate solution of the diffusion equation exists at present to evaluate these curves as at this dose gas is weakly trapped, even 34 at t = 0. However, the curves of Fig. 8 prove that there is a fairly random mobility of this trapped gas and confirm that this release is not an artifact due to evaporation.
It is still not clear yet whether the data obtained following low dose bombardment are applicable to truly undamaged material or whether the suggested mobility of xenon in small vacancy clusters (e. g. vacancy pairs) is a special kind of a trapping effect for low levels of radiation damage. Therefore, the diffusion of xenon at a low dose of 8 x 10 ions/cm 2 through unbombarded layers of KBr was measured in a second set of experiments (Fig. 9) . It was mentioned in Section 4.2, that evaporated layers of KBr, when ion bombarded, show a gas release identical to that from bombarded single crystals. In addition, the layers recrystallized during heating. Evaluation of the data of Fig. 9 yields approximately the same diffusion coefficients as those obtained from Fig. 6 , curve 1, i. e., single crystals bombarded to a low dose. This is in favour of the low dose release data being typical for the limiting case of undamaged material with no gas-gas or gas-damage interaction occurring.
Two topics have been bypassed in the above discussion. These are the influence of an increased concentration of impurities at the surface and thus the occurrance of a space charge layer 35 ' 3e , and the possibility of dissolved oxygen in surface near regions 26 . The reason is that any influences of these effects are considered to be small: The space charge layer in the doped crystals is not likely to affect the rare gas mobility because the rare gases are probably present as neutral atoms. Any increased concentration of impurities near the surface will exaggerate 34 HJ. MATZKE, to be published. 35 K. LEHAVEC, J. Chem. Phys. 21, 1123 [1953] , 36 A. AI.LNAT, Amer. J. Phys. Chem. 68, 1763 [1964 . the effect of impurities on rare-gas diffusion and trapping following ion bombardment and thus not affect the above conclusions. The solubility of oxygen, finally, does not occur before an incubation period which is longer than the heating time used in this study and furthermore, the oxygen solubility is probably not important at temperatures below 500 C, i. e., it should not appreciably affect the results of this study. In addition, dissolved oxygen should compensate the effect of CaBr2-addition. However, an effect of these additions was found.
Summary
The diffusion of argon and the diffusion and The diffusion of xenon was much slower than that of argon, as observed before for 4 KCl and CaF2 .
In the limiting case of low gas concentration, no significant effect of vacancy concentration on release was observed. This release yielded an activation enthalpy of 1.4 ± 0.2 eY and a D0 of 10 1±2 cm 2 sec -1 .
The data are consistant either with an interstitial diffusion mechanism or, preferably, with xenon being mobile in small vacancy clusters of constant size, e. g. vacancy pairs, even in unbombarded KBr.
At increased xenon dose, a retardation of the gas release (temporary or weak trapping) was observed.
This retardation was more pronounced in doped crystals, thus giving evidence that the vacancy concentration is one of the factors governing trapping phenomena.
A fast gas release at abnormally low temperatures was observed if much of the gas was near to the surface. This release could be approximated with a spectrum of activation enthalpies having limits of AHL = 1.0 + 0.2 eV and AH2 = 1.8 ± 0.2 eV.
